The muscle protein synthetic response to food intake is reduced in aging, contributing to a progressive muscle loss. This anabolic resistance results from a decreased sensitivity to anabolic signals, especially leucinemia, a potent activator of protein synthesis. Nutritional strategies are needed to reach the anabolic threshold of leucinemia and stimulate muscle anabolism. OBJECTIVES: This study sought to evaluate the effect of supplementing meals with soluble milk proteins (SMP) on postprandial leucinemia in elders. METHODS: During 3 successive experimental sessions, 6 healthy older men (66.7 ± 0.7y) consumed a standardized lunch (27 g of proteins; 2.2 g of leucine) supplemented with a beverage containing 0 g, 5 g or 8.2 g of SMP (0 g, 0.6 g and 1.1 g of leucine, respectively). RESULTS: The supplementation with 5 g or 8.2 g of SMP induced an increase of 1.9 × and 2.5 × in plasma leucine levels, compared to the control meal (without additional SMP). The leucine area under the curve over 3h20 had an increase of 2.1 × and 2.3 ×, respectively, as compared to the control meal. CONCLUSIONS: Ingesting SMP in addition to a meal strongly increased postprandial plasma leucine, and could be an effective strategy to reach anabolic thresholds and optimize the anabolic effect of each meal.
Introduction
Preservation of muscle mass is regulated by the balance between protein synthesis and protein degradation. The postprandial period promotes protein anabolism and inhibits protein degradation (via the insulin pathway), whereas the postabsorptive period results in protein catabolism. However, during aging, there is a progressive decline in skeletal muscle mass, which results in sarcopenia. This loss of muscle mass is due to a reduced muscle protein synthetic response to the anabolic stimuli of the meal (termed "anabolic resistance") and to a decrease in physical activity.
Dietary proteins exert an anabolic action that can be modulated by the quantity of amino acid they provide. As the most potent branched-chain amino acid, leucine acts as a substrate for protein synthesis and signals the activation of synthesis via the mTOR pathway [1] . The origin of anabolic resistance remains unknown but has been largely reported in the literature. Studies indicate that older people show a lack of responsiveness in muscle protein synthesis to amino acid/glucose stimulus [2] . Similarly, while the oral administration of essential amino acids stimulated protein synthesis in young adults, the same oral administration failed to improve protein synthesis in elderly adults [3, 4] . The "anabolic threshold" of plasma amino acid levels, in particular leucinemia, required to stimulate muscle anabolism increases significantly with age [5] . Moreover, a greater retention of ingested amino acids occurs within the splanchnic area of older men than younger men [6, 7] , resulting in reduced amino-acid bioavailability for the muscle.
Consequently, several nutritional strategies have been considered to increase amino acid availability to skeletal muscle. These strategies include increasing protein intake, diet supplementation with one or several free amino acids, or using different quality proteins based on their amino-acid composition and/or rate of digestion. Soluble milk proteins and whey are leucine-rich fast proteins, that are rapidly digested and absorbed and induce a rapid, high elevation of plasma leucine. They stimulate muscle protein synthesis at a higher rate than caseins in older men [8, 9] , resulting in higher postprandial protein gain [10] .
In light of the anabolic resistance that occurs during aging, muscle anabolism may be reduced with the usual nutrient intake in elderly persons, particularly if the meal-induced postprandial elevation of leucinemia does not reach the muscle's anabolic threshold. Therefore, the objective of this preliminary study was to evaluate the effects of supplementing a standardized lunch with moderate amounts of soluble milk proteins on postprandial plasma leucine levels in elderly people.
Methods

Participants
Seven healthy older men were screened, and 6 were enrolled in the study. All participants were aged 66 to 69 years old with a BMI between 25.7 and 26.9 kg/m². Each participant had a normal blood biochemistry profile with the following values: cholesterol ≤3 g/L, triglycerides ≤3 g/L, fasting glucose ≤1.10 g/L, creatinine between 59 and 104 mol/L and glomerular filtration rate >60 mL/min/1.73 m² (Table 1) . Men Table 1 Participants characteristics at baseline Mean (n = 6) SD were excluded from participation if they had renal failure, diabetes, cardiovascular disease, currently evolving disease (e.g. cancer, neurodegenerative disease), symptoms of malabsorption or chronic diarrhea. Additionally, participants with known hypersensitivity or allergy to any constituents of the study products (milk protein or lactose) were also excluded. All participants gave their written consent after being presented with the purposes, methodology and potential risks of the study. The study was conducted in accordance with the Helsinki Declaration without any major deviation from the protocol approved by the ethics committee (Northwest IV Committee, France, number: 03/050/2013, 3 December 2013). This study was registered at the French agency for the safety of health products (ANSM number: 2013-A01066-39).
Experimental protocol
This study was randomized, controlled and conducted in a double-blind format in a single center to compare 3 different amounts of soluble milk proteins incorporated into drinkable dairy products. Before the start of the study, dieticians provided each participant with specific dietary advice to standardize their diets 48 h before the experimental visits.
The 3 different drinks were administered orally to the participants during 3 successive experimental sessions with at least one washout week between them (Fig. 1) . The order of consumption of the 3 drinks was determined in accordance with a computer-generated randomization list. Each session occurred between 8:00 am and 4:00 pm. During these 3 experimental visits, the participants arrived at the clinical site after a 10-hour fast and underwent a clinical examination and medical enquiry. All participants then received a standardized breakfast with sweet tea or coffee, 20 cL orange juice, 180 g drinking yoghourt and 4 breakfast biscuits (providing 368 kcal with 7.4% of energy from proteins, 67.5% of energy from carbohydrates and 24.2% of energy from fat). Two hours later, 100 mL of water was served. Breakfast and water were fully consumed by each participant.
Approximately 4 hours after breakfast and just before lunch, a venous catheter was placed on the arm of each participant by a nurse, and a blood sample was taken immediately after installation (first sample named T0'). Then, participants were given a standardized meal with a starter, main course, cheese and dessert (providing 793.9 kcal with 12.6% of energy from proteins (= 25.1 g), 48.6% of energy from carbohydrates (= 96.5 g) and 37% of energy from fat (= 32.6 g)). The starter was composed of 130 g of diced mixed vegetables (green peas, green beans, flageolet beans, carrots and turnips) and 10 g mayonnaise. The main course was composed of 350 g Lasagna Bolognese. Cheese (2 portions of 17.5 g of processed cheese) was served with 4 crispbreads, and dessert was composed of 135 g fruit salad in syrup. The maximum time for meal consumption was 20 minutes. The second sample (T0) was performed 20 minutes after the collection of T0', regardless of the time taken by participants to eat the meal. According to randomization, participants then consumed 100 mL of a drink containing either 8.2 g of Prolacta ® (PRO8), 5 g of Prolacta ® (PRO5) or 0 g of Prolacta ® [11] over a maximum of 2 minutes ( Table 2 ). The consumption of the standardized lunch in addition to the control drink was considered the control meal, providing 27 g of proteins and 2.2 g of leucine. Each meal's protein and leucine levels were estimated using the table provided by the United States Department of Agriculture (reported in 2007 by the French Agence nationale de sécurité sanitaire de l'alimentation, de l'environnement et du travail). Blood collection was performed at T30 min, T60 min, T90 min, T120 min and T180 min (30, 60, 90, 120 and 180 minutes after T0). After the last collection, the nurse removed the catheter. The study coordinator checked the participants' compliance during the sessions (appropriate meal intake and sampling time).
Study products
The 3 study products (PRO8, PRO5 and Control) were 100 mL drinkable dairy products containing 8.2 g, 5 g or 0 g of soluble milk proteins Prolacta ® (Lactalis Ingredients, Bourgbarré, France). Prolacta ® is a specific ingredient (90% soluble milk-protein isolate) produced directly from pasteurized milk by a two-step cold-membrane process. The soluble milk proteins extracted by this specific and innovative process are native proteins rich in leucine with up to 13% total protein content. Prolacta ® is a fast-acting, leucine-rich protein [8] with a better amino-acid composition than whey [12] . Besides the 2.2 g of leucine provided by the control meal, the supplementation with 8.2 g or 5 g of Prolacta provided 1.1 g and 0.6 g of additional leucine, respectively (Table 2) .
Technical analysis
Leucine levels
Leucine levels were determined from 1 mL of plasma heparin by high-performance liquid chromatography (HPLC), using the internal procedures of the laboratory (Biomnis, Lyon, France).
Glucose and insulin levels
Participants' blood samples were collected into sodium fluoride and potassium oxalate for glucose determination and into serum-separating tubes (SST) for insulin levels. Blood glucose levels were assessed by an enzymatic UV test (hexokinase method) (AU480; Beckman Coulter, Brea, CA, United States of America) with commercially available glucose reagents (OSR6121; Beckman Coulter, France) by the medical biology laboratory of the Institut Pasteur de Lille. The blood-insulin level was assessed by immunoradiometric assay (Cisbio Bioassays, Codolet, France) by the Lille Regional University Hospital Center.
Statistical analysis
Values are expressed as means ± standard deviation. For all statistical tests, normality was validated by the Shapiro-Wilk test with an ␣ risk of 1%. Additionally, the homogeneity of variances between the 3 solutions under consideration was verified with a Bartlett test.
All statistical tests were performed by Soladis (Lyon, France) with a mixed model to examine one factor (treatment) with repeated data. To account for the correlation between treatments, the unstructured (UN) variance-covariance matrix type was used. If the overall treatment effect was significant, the solutions PRO8, PRO5 and Control were compared in pairs using a Tukey adjustment. Statistical significance was set at p < 0.05 with SAS9.2 ® .
Results
Maximal increase in leucine levels
In the postprandial state, the maximum increase in plasma leucine levels, calculated as a percentcomparison to the baseline T0' (before the lunch), differed significantly between PRO8, PRO5 and control meals (p = 0.004). This maximal increase corresponds to the greatest leucine levels in light of the time required to reach this value. The greatest increase in plasma leucine was observed for PRO8 (8.2 g of Prolacta ® ); this meal revealed an average of 94.93 ± 18.58% (Fig. 2) . This increase was more important than that for PRO5 (5 g of Prolacta ® ) (71.17 ± 26.44%, p = 0.033) or for control meals (0 g of Prolacta ® ) (37.57 ± 14 56%, p = 0.002). PRO5 also differed significantly from control meals (p = 0.032).
When considering quantitative values, the mean maximal plasma leucine levels ( = Cmax) was Fig. 2 . The highest maximal increase in leucine levels was observed with PRO8 consumption. This increase was significantly more important than that for PRO5 or for control meals. PRO5 also differed significantly from control meals. (Table 3) . Cmax differed significantly between the 3 meals (p = 0.014). Statistical analysis showed a significant difference between PRO8 and PRO5 (p = 0.013) and the control meals (p = 0.016); analysis also indicated that PRO5 differed from the control meal (p = 0.048).
The mean time required to reach Cmax ( = Tmax, compared to the baseline T0') was shorter after consumption of PRO8 (1h22 ± 28 minutes) compared with PRO5 and control (1h32 ± 32 minutes and 2h17 ± 1h14, respectively). However, no significant difference in Tmax was observed between the 3 meals with regards to Cmax (p = 0.346).
Area under the curve for leucine kinetics
In this study, the area under the curve (AUC) of leucine levels as a function of time during 3h20 (Fig. 3) was calculated using the trapezoidal rule. The mean AUC for PRO8, PRO5 and control meals were, respectively:
11481.5 ± 1274.1 mol.minutes/L, 10334.7 ± 1763.3 mol.minutes/L and 4985.7 ± 1274.1 mol.minutes/L.
Statistical analysis showed a significant difference in AUC between the 3 meals (p < 0.001). AUC for the control was lower than AUC for PRO8 and for PRO5 (p = 0.002 and p < 0.001 respectively). However, no significant difference was observed between AUC for PRO8 and PRO5 meals (p = 0.461).
Glucose and insulin levels
In the postprandial state, there were no significant differences in plasma insulin and glucose kinetics. 
Discussion
The objective of this study was to evaluate the elevation of leucinemia induced by a control lunch supplemented with soluble milk proteins. Results indicated that a control meal (lunch in addition to a control drink without Prolacta ® , providing 27 g of proteins with 2.2 g of leucine) induced a moderate increase in plasma leucine, with a maximum increase of 38% compared to the basal value. The supplementation of the control lunch with 8.2 g of Prolacta ® (providing only 1.1 g of additional leucine) induced a significantly stronger increase in plasma leucine levels with a 2.5 × higher increase compared to the control meal. Moreover, the total leucine content that appeared in the blood over the 3h20 period (leucine AUC) was 2.3 × higher for the meal containing 8.2 g of Prolacta ® compared to the control meal. Similarly, the meal containing 5 g of Prolacta ® showed a significant increase in both plasma leucine levels (1.9 × higher) and leucine AUC (2.1 × higher) when compared to the control meal. These results illustrate the high bioavailability of leucine from milk-soluble proteins, which seem to be more efficient than leucine from lunch dietary proteins alone in increasing postprandial leucinemia, even at lower quantities.
The strategy of increasing leucine availability to overcome anabolic resistance has been described in the literature. Studies in humans and in animals have shown that supplementation with free leucine, which is rapidly absorbed and induces an increase in postprandial leucinemia, significantly improved muscle-protein balance after the meal [13] . However, long-term free leucine supplementation was not able to increase or to maintain muscle mass, probably because of a lack of synchronization between the leucine anabolic signal and the arrival of other amino acids from the digestion of dietary proteins to meet Table 3 Maximal leucine levels (C max ) and maximal leucine level time (T max ) the muscle requirements as substrates for protein synthesis [5] . In contrast, due to their rapid digestion rate, soluble milk proteins induce an elevation of plasma leucine and other amino acids. In elderly rodents, milk soluble proteins are more efficient than free leucine supplementation in improving the recovery of muscle mass after immobilization [14] . In addition, several studies showed that soluble milk proteins were more efficient than caseins in inducing protein synthesis in older individuals [8, 10] . Their effects have been studied only in powder or in a liquid matrix, independently of a solid meal containing other types of proteins. However, meal microstructure and macrostructure can affect the different steps of milk protein digestion; furthermore, the ability of soluble milk proteins to induce a peak in plasma leucinemia depends on the matrix in which they are incorporated [15, 16] . This study demonstrated that soluble milk proteins added independently as a supplement to a standard lunch containing other protein types are still able to induce a high and rapid increase in postprandial leucine levels.
The results of this study also raise the question of the ability of a moderate increase in leucinemia induced by the control meal (27 g of proteins, 2.2 g of leucine) to reach the anabolic threshold required to promote maximal anabolism and protein retention [5] . To help older people maintain muscle mass and function, the ESPEN expert group and the PROT-AGE international study group recently recommended a higher protein intake, with at least 1-1.2 g of proteins/kg of body weight/day for healthy older individuals [17, 18] . Several authors propose that this protein intake would be more efficient if it were distributed equally between 3 daily meals [17, 19, 20] , while others favor protein pulse feeding with 80% of the protein intake in one meal [21, 22] . However, high-protein levels in a single meal can be hard to achieve in elderly people with diminished appetites and chewing difficulties. Additionally, despite additional protein and energy content, ingestion of more than 30 g of protein in a single meal does not elicit a greater anabolic response in elderly individuals [23] . As a result, the authors propose that the permeal anabolic threshold of dietary protein intake is between 25 g and 30 g of high-quality proteins per meal, containing about 2.5 g to 2.8 g of leucine [17, 19] . In this way, stimulating muscle-protein synthesis at each meal would be more likely to provide a greater 24 h protein-anabolic response than an unequal protein distribution in adults [24] . Furthermore, the PROT-AGE study group maintains that fast proteins may possess certain benefits over slow proteins in muscle-protein metabolism. Wall and collaborators suggest selecting a rapidly digestible protein source with a high leucine content (or fortifying other dietary protein sources with leucine) as a feasible strategy for reducing the protein dose required for optimal postprandial muscle protein synthesis [25] .
Finally, supplementing each meal with a moderate amount of soluble milk proteins could be effective sto reach anabolic thresholds and optimize the anabolic effect of each meal. By increasing maximal leucinemia, soluble milk proteins could reach a higher threshold and sustain this level for a longer time. Therefore, the intake could affect the intensity and duration of the muscles' anabolic response [5] . However, other long-term studies are required to investigate the effects on protein synthesis and on body composition of supplementing a meal with soluble milk proteins.
In conclusion, this pilot study showed that a moderate amount of soluble milk proteins in addition to a standardized lunch substantially increased plasma leucine levels. This could present an interesting nutritional strategy to restore and optimize the anabolic action of the meal, without affecting the satiety and dietary habits of elderly individuals.
